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ELECTROMAGNETIC INDUCTION

FARADAY’S LAWS OF ELECTROMAGNETIC INDUCTION

When magnetic flux passing through a loop changes with time or magnetic lines of force are cut by a
conducting wire then an emf is produced in the loop or in that wire. This emf is called induced emf.

If the circuit is closed then the current will be called induced current.

magnetic flux = '[B.dé

The magnitude of induced emf is equal to the rate of change of flux w.r.t. time in case of loop. In case of a wire
it is equal to the rate at which magnetic lines of force are cut by a wire

do
E=—"a

(—) sign indicates that the emf will be induced in such a way that it will oppose the change of flux.
Sl unit of magnetic flux = Weber.

=p

—
~

Ex.1 Acoilis placed in a constant magnetic field . The magnetic field is parallel to the
plane of the coil as shown in figure. Find the emf

induced in the coil .
Sol. ¢ =0 (always) since area is perpendicular to magnetic field.
~emf=0
Ex.2 Findthe emfinduced in the coil shownin figure. The magneticfield is perpendicular

Area=A
to the plane of the coil and is constant. B

Sol.. ¢ =BA (always)
= const.
s.emf=0

Ex. 3 Findthe direction of induced current in.the.coil shown in figure. Magnetic field is
perpendicular to the plane of coil and itisin

®B

creasing with time.

Inward flux is increasing with time. To opposite it outward magnetic field should be induced. Hence current
will flow anticlockwise.

Figure shows a coil placed in decreasing magnetic field applied perpendicular to the plane of coil .The
magnetic field is decreasing at a rate of 10T/s. Find out current in magnitude and direction

74
=]

m
x
IS

A=2m’
R=50

Sol. ¢=BA

dB
emf:A'E =2x10=20v

- i=20/5 =4 amp. From lenz’s law direction of current will be anticlockwise.
30v

Ex.5 Figure shows a coil placed in a magnetic field decreasing at a rate of 10T/s. There
is also a source of emf 30 V in the coil. Find the magnitude and direction of the A=2m?
current in the coil. OB

Sol. Induce emf =20V R=5Q
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30V

equivalent 5Q ‘

i = 2A clockwise 20V

Figure shows a long current carrying wire and two rectangular loops moving with
velocity v. Find the direction of current in each loop.

Inloop (i) no emf will be induced because there is no flux change. § v $
In loop (i) emf will be induced because the coil is moving in a region of decreasing I 2
magnetic field inward in direction. Therefore to oppose the flux decrease in in- o
ward direction, current will be induced such that its magnetic field will be inwards.  constant i (i)

For this direction of current should be clockwise. .y 5
LENZ'S LAW (CONSERVATION OF ENERGY PRINCIPLE) ) §
According to this law, emf will be induced in such a way that it will oppose the o
cause which has produced it. Figure shows a magnet approaching a ring with its ey
north pole towards the ring. X
We know that magnetic field lines come out of the north pole and ()

magnetic field intensity decreases as we move away from mag-
net. So the magnetic flux (here towards left) will increase with the
approach of magnet. This is the cause of flux change. To oppose
it, induced magnetic field will be towards right. For this the current
must be anticlockwise as seen by the magnet.

If we consider the.approachof North pole to be the cause of flux
change,the lenz’s law suggests that the side of the coil towards
the magnet will. behave as North pole and will repelthe magnet.
We know that a current carrying coil will behave like North poleif it flows anticlockwise. Thus as seen by the
magnet,the current will be anticlockwise.
If we‘consider the approach of .magnet as the cause of the flux.change, Lenz’s law suggest that a force
opposite to'the motion of magnet will-act.on the magnet, whatever be the mechanism.

Lenz'slaw tells that if the coil is set free, it will move away from magnet, become in doing so it.will oppose 2
the ‘approach’ of magnet. m
Ifithe'magnet is given some initial 'velocity towards the coil and is released, it will slow down.It can be =
explained as the following . U)
The current induced in the coilwill produce heat.From the energy conservation, if heat is produced there K
must be an equal decrease of energy in some other form,here it is the kinetic energy of the moving magnet. &C
Thus the magnet must slow down. So we can justify that the lenz’s law is conservation of energy @
principle.

MOTIONAL EMF

We can find emf induced in a moving rod by considering the no of lines cut by it per

sec assuming there are ‘B’ lines per unit area . Thus when a rod of length | moves t t+dt

with velocity v in a magnetic field B, as shown, it will sweep area per unit time equal F _________ J
i~V B

pal Phone : 0903 903 7779,

to | v and hence it will cut B | v lines per unit time.
hence emf induced between the ends of the rod = Bv/

d
Also emf = d_(l) Here ¢ denotes flux passing through the area,swept by the rod.The

do Brvdt
rod sweeps an area equal to ¢ vdt in time interval dt.Flux through this area = B¢ vdt. Thus d_(l) ="qt -

If the rod is moving as shown in the following figure, it will sweep area per unit time = v ¢ sin

Teko Classes, Maths : Suhag R. Kariya

and hence it will cut B v /sin@ lines per unittime . Thus emf = Bv/siné.
341 Explanation of emf induced in rod on the basis of magnetic force:
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If arod is moving with velocity v in a magnetic field B ,as shown , the free qE
electrons in a rod will experience a magnetic force in downward direction
and hence free electrons will accumulate at the lower end and there will be El v @B
adeficiency of free electrons and hence a surplus of positive charge at the

upper end. These charges at the ends will produce an electric field in down- Q quB
ward direction which will exert an upward force on electron. If the rod has

been moving for quite some time enough charges will accumulate at the P
ends so that the two forces gE and qvB will balance each other. Thus E = v B.

Vo—V,=VB ¢ l
The moving rod is equivalent to the following diagram, electrically. Btv

% :

Q

Q.1 Find the emf induced in the rod in the following cases. The figures are self explanatory

B ———

V
@ Ans: emf=0

_—>B

(b) ®B Ans: emf=0

(c) >V Ans: emf=0

Figure shows a closed coil ABCA moving in a uniform magnetic field B with a velocity v. ®B
The flux passing through the coil is a constant and therefore the induced emf is zero. Cl I»

Now consider rod AB; which'is a part of the coil. Emf induced in the rod =B L v

or -E+vBL=0

or E = vBL

Thus emf induced in any path joining A and B is same, provided the magnetic field is
uniform. Also the equivalent emf between A and B is BLv (here the two emf’s are in parallel)

B
A
Suppose the emfinduced in part ACB is E , as shown. 9/_'_
Since the emf in the coil is zero, Emf (in ACB) + Emf (in BA) =0 E _u, VBL
B

Ex.7 Figure shows an irregular shaped wire AB moving with velocity v, as shown.
Find the emf induced in the wire.

Sol.  The same emf will be induced in the straight imaginary wire joining Aand B, which is Bv/¢ E
sin @ BY

FREE Download Study Package from website: www.TekoClasses.com & www.MathsBySuhag.com

Q.2  Acircular coil of radius R is moving in a magnetic field B with a velocity v as shown in the figure.
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Find the emf across the diametrically opposite points A and B.
Ans. 2RvB v ©E

o
w

Find the emf across the points P and Q which are diametrically opposite points of

7

P Ta ¢
Inducedemf=0 pe—MMW—-—-2Q
P Q

Find the emf across the points P and Q which are diametrically opposite points of a v
semicircular closed loop moving in a magnetic field as shown. Also draw the electri-

cal equivalence of each branch.
2Bav ®B
PU—\/\/\/\/\/—||—°Q /W \ P Q

Induced emf = 2Bav
2Bav

o
IS

7

o
3]

Figure shows a rectangular loop moving in a uniform magnetic field .Show the elec-
trical equivalence of each branch. S R

q ®B q—V

7

Q.6  Figure shows a rod.of length | and resistance r moving on two rails shorted by/a
resistance R.A uniform magnetic field-B-is present normal to the plane of rod and
rails’.Show the electrical equivalence of each branch. Mggmg
©B R
IV
' R
Ans. BN

Fixed conducting
thick rails

Ex.8 Arodof lengthlis keptparallel to.a long wire carrying constant current i. It is moving away from the wire with
avelocity v. Find the emf induced inithe wire when its distance from the long wire is x.

ilv
Sol. E=BIV=tit
27X
OR
Emf is equal to the rate with which magnetic field lines are cut . In dt time the area swept by the rod is [ v dt.\
oo , , , Wil vdt i
the magnetic field lines cutin dt time =B [ vdt=——7"".
27mx _ ®B
o o Woil v "t I—>V
. The rate with which magnetic field lines are cut = Const
27X e

Ex.9 Arectangularloop ,as shown in the figure ,moves away from an infinitely long wire carrying a current i. Find
the emf induced in the rectangular loop.

- - ilb
E=B,LV-B,Lv= Hot pyo Mot .. %
21x 27t(x + b) XX
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-[ ]- B,LV
Aliter:

Consider a small segment of width dy at a distance y from the wire. Let flux through the segment be do.
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Mol
do = 5 L dy

.. Xx+b (d_y)
¢ =_MOIL J. g T .:
27 y ) \
Loy L —V
H lL Constant J/ E-
= ; (fn(x+b)—€nx) current i (_X>
T
N do _poil[ 1 dx 1dx]_meil| (=b) —1,ibLy
oW 4t 2m | x+bdt x dt 21 | x(x+b) v o= 27x(x +b)
. HoibLyv
induced emf = —27tx(x+b)

Ex. 10 Arod of length | is placed perpendicular to a long wire carrying currenti. The rod is
moved parallel to the wire with a velocity v. Find the emf induced in the rod , if its
nearest end is at a distance ‘a’ from the wire.

Sol.  Consider a segment of rod of length dx , at a distance x from the wire. Emf induced
in the segment

Mol
de = X dx.v

a+/l . .
Woivdx = pgiv n {+a
2nx. T 2m - a

Ex. 11 Arectangular loop is moving parallel to a longwire carrying currenti with.a
velocity v..Find the emf induced in-the.loop ,'if its nearest end is at a
distance ‘a’ from the wire. Draw equivalent electrical diagram.

%

iv a ++b
Hzo /n ( j Const i
| a

AAA i

Hoiv , a+ b
27 a

, € oV (x+£]
=R = onR+r) My

4, INDUCED EMF DUE TO ROTATION
4.1 ROTATION OF THE ROD
Consider a conducting rod of length | rotating in a uniform magnetic field.

B)N ®b B JT_ dE€ =roeBdr
ar? | —>
ar? I vere emf induced
Tr small segment in a small
just like a rod segment

Emf induced in a small segment of length dr, of the rod =v Bdr=rwB dr
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1 1
emfinduced in the rod = OJBIOrdr = EB(;)IZ

equivalent of this rod is as following E
12
do _d® _ flux through the area swept by the rodin time dt BEK odt B2

or €=—-=¢ = T
dt dt dt dt
1 2
= —Bo/
5 ®
Ex. 12 Arod PQ of length 2l is rotating about one end P in a uniform magnetic field B which is & Buniform
perpendicular to the plane of rotation of the rod. Point M is the mid point of the rod. Find -
the induced emf between M & Q if that between P & Q = 100V . F-)%—M.—Q
Bsz 20
Sol. E,,+E,, =E, corner — =100
2
L
Bo — 2
Eva + 0{2] - Bot
2 2
3 . 3
EMQ=§ B/ =ZX1OOV = 75V
Q.7 ArodPQoflength 2l is rotating about its mid point C, in a uniform magnetic field B which QB
is perpendicular to the plane of rotation of the rod. Find the induced emf between P Q and ; q
PC. Draw the circuitdiagram of parts PC and CQ. P c
2 Bw’ Bwe 2/
Ans. emf, =0;emf, . = Bof 3 z
: Pa =05 €M = 57 e MWW F—— W

Ex. 13 Arod oflength L and resistance r rotates about one end as shownin figure.lts other end touches a conduct-
ing ring a of negligible resistance. A resistance R is connected between centre and periphery. Draw the
electrical equivalence and find the current.in the resistance R. There is a uniform magnetic field B directed as
shown.

®B

(P

Sol.

lBcon

currenti =
R+r

Ex. 14 Solve the above question if the length of rod is 2L and resistance 2r and it is rotating about its centre. Both
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ends of the rod now touch the conducting ring E

@B
O»
D 3 A
R
Sol. = C.EA =
C
YIS
' L
| = € =
R+— R+—
WW,
R :

Ex. 15 Arod of length | is rotating with an angular speed w about its one end which is at a ®
distance ‘a’ from an infinitely long wire carrying current i. Find the emf induced in the ;
rod at the instant shown in the figure. i /

a
Consider a'small segment of rod of length dx , at a distance x from one end.of the i
rod. Emf induced in the segment
Mol !
dE = ———— (xw)dx \
21(x +a) (xe) |
a X [O)
l . i ._'L%_
E_IL dy = M@ |, plExa &
_02n(x+a) (xw)dx = y . o

o
o

Arod of length | is rotating-with an angular speed o about its one end which is at
adistance ‘a’ from aninfinitely long wire carrying currenti. Find the emf induced
in the rod at the instant shown in the figure.

£ Moio |, 2 m(awcosej
21cos cos6 a

7

Ex. 16 Arod of mass m and resistance ris placed on fixed, resistanceless, smooth conducting t=0
rails (closed by a resistance R) and it is projected with an initial velocity u .Find its =
velocity as a function of time. ; @B

Sol. Letataninstant the velocity of the rod be v .The emf induced in the rod will be vBI. The : [—U R
electrically equivalent circuit is shown in the following diagram. _i_m,r
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Current in the circuiti =

R+r
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Magnetic force acting on the rod is F = i ¢ B, opposite to the motion of the rod.

i’B v 1
iB=-m 4 (1)
Bov
i= Rar ..(2)
Now solving these two equation
B2/2V o v
R+r Codt
202 av
Ldt= —
(R+r)m \
B2/2
let (R+r)m k
dv
-K.dt= T
v t
jﬂ _ I—Kdt y
V V =le
u 0
u
v tv
In (uj =— Kt
V= ue™ | —>t

Ex.17 Inthe above question find theforce required to move the rod with constant velocity v, and also find the power
delivered by the external agent .
Sol.  The force needed to keep the velocity constant F_ = i/B

_ B%Pv
"~ R+4r
2£2V2 82
Power due to external force' = ——— = —— = i3(R+r)
+1 R+r

Note that the power delivered by the external agent is converted into joule heating in the circuit. That means
magnetic field halps in converting the mechanical energy into joule heating.

Ex. 18 Inthe above question if a constant force F is applied on the rod. Find the velocity of the rod as a function of
time assuming it started with zero initial velocity.

= _F-irB 1
mdt =F—i (1)

74
=

(2

let K=
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v

1 t
—Rln(F—KV)J‘m

& 0
o
Q . (F —kV j Kt
2 P
e
S F—-KV =Fgk/m o
(?p) ©
F @
) Ve (1= gm) g
2}
< P
- ~—
CEU Ex. 19 Arod PQ of mass m and resistance r is moving on two fixed, resistanceless, s
- smooth conducting rails (closed on both sides by resistances R, and R,) .Find 3 sl I 3 3
the current in the rod at the instant its velocity is v. Re @y R =
ol 1. B 8
s 0 T RR ; o
E R, +R, R, — Blv %Rz ,"\’h
Q this circuit is equivalent to the following diagram. r ~
o N~
n ™
O S
9]
& 2
© Q.9 Inthe above question if one resistance is replaced by a capacitor of capacitance g
% C as shown Findthe velocity of the moving rod at time t if the'initial velocity.ofthe R —F —_Cc"°
rod is v and a‘constantforce F is applied on the rod. Neglect the resistance of the 2
f) p ®B 5
rod. =
l_- Sol. Atanytimet, let the velocity of the rod be v E
Applying Newtons'law: F —ilB = ma (1) 1 8
o q i & 2
Also BIv=iR= ! -
. - F =
_2 Applying Kcl, R Y ::qc n
0N ) q
0 . dq Bev.d . Buv B @8 x
) 30+ =R +a(BlVC) or = +BiCa o
= %
22 d ©
g Putting the value ofiin eq (1), F -B ‘V=(m+82€20)a=(m+B2f2C)_V >
— R dt E
"q-) X
dv s
% (m + BZZZC)W = dt >
4 F- <
O R @
© Integrating both sides, and solving we get
D' (%)
.8‘ B %
S V= FR {_g R(M+CB%?) S
& B2¢? g
o
-O 2]
@ Q.10 Arod PQ of length | is rotating about end P, with an angular velocity o. Due to m\ @
o centrifugal forces the free electrons in the rod move towardstheendQandan P / O
g emf is created. Find the induced emf. < 7 > %
o The accumulation of free electrons will create an electric field which will finally balance the centrifugal forces —
) and a steady state will be reached. In the steady state m o’x = e E.
Ll s 1 m_ 0>x 22
L V-V = jE.d§= J. J dx _ M
E P o © 2e
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4.2. EMF INDUCED DUE TO ROTATION OF A COIL v

Ex. 20 A ring rotates with angular velocity ® about an axis perpendicular to the plane of the ring

& passing through the center of the ring. A constant magnetic field B exists parallel to the axis.
8 Find the emfinducedinthering Flux passing through the ring ¢ = B.A is a constant here,
o therefore emf induced in the coil is zero. Every point of this ring is at the same potential, by
o] symmetry.
< o =const
>
N Ex.21 Aring rotates with angular velocity o about an axis in the plane of the ring and which
> passes through the center of the ring. A constant magnetic field B exists perpendicular to
QUJ) the plane of the ring. Find the emf induced in the ring as a function of time. ®B/,_,
L Sol: Atanytimet,¢=DBAcos® = BA cos ot
< Now induced emf in the loop
(Y]
= “%_ 8 wsin ol
e= "4 = ®sin ®
If there are N turns
o emf = BAoN sin ot
BA N is the amplitude of the emf
g e=e_sin ot EMF
o e e NBA®
n i=E=?msinwt=imsinwt
@ N4
0 i _ Cm
o T R
% The rotating coilthus produces a sinusoidally varying-current or alternating.current. This is also the principle
4 used in generator.
|9 Ex. 22 Figureshows a wire frame PQSTXYZ-placed in a timevarying magnetic field given as )
] B=pt, where {3 is a positive constant. Resistance per unit length of the wire is A. Find the oB bsa
currentinduced in the wire and draw its electrical equivalent diagram. S
X T
.. Sol. Inducedemfinpart PQST = B a?(in anticlockwise direction, from Lenz’s Law) e |2
Q Similarly Induced emfin part TXYZ = 3 b?(in anticlockwise direction, from Lenz’s Law)
7] Total resistance of the part PQST =\4a. b P @
O Total resistance of the part PQST =14b. The equivalent circuitis as VW
g shown in the following diagram. e
c writing KVL along the current flow Bbf—
Bb?—PBat—A14ai—A4bi=0 ' i
e S
© =2 (o-a)
o b= P~ .
o i ——Ba
© i
=< W
% 4.3 EMF Induced in a rotating disc : Ma
2l Consider a disc of radius r rotating in a magnetic field B.
> Consider an element dx at a distance x form the centre. This element is moving with speed v = wx.
'g Induced emf across dx ®B
— = B(dx) v + Bdxwx = Boxdx
% emf between the centre and the edge of disc.
S r 2 ®
) = J Bwxdx = Bor /‘
c
C;) 5. FIXED LOOP IN A VARYING MAGNETIC FIELD
(M) Now consider a circular loop, at rest in a varying magnetic field. Suppose the magnetic field is directed inside
L the page and it is increasing in magnitude. The emf induced in the loop will be
L
d d d
o g=— % Flux through the coil will be o = 7 °B ;2 o 7B g 90 ¢ _;dB.
LL dt dt dt dt dt
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2

~

E2rnr==x rZE
dt
a8
or =2 dt

Thus changing magnetic field produces electric field which is non conservative in nature. The lines of force
associated with this electric field are closed curves.

SELF INDUCTION

Self induction is induction of emf in a coil due to its own current change.Total flux N¢ passing through a coil
due to its own current is proportional to the current and is given as N ¢= L i where L is called coefficient of
self induction or inductance.The inductance L is purely a geometrical property i.e., we can tell the induc-
tance value eveniif a coil is not connected in a circuit. Inductance depends on the shape and size of the loop
and the number of turns it has.

If current in the coil changes by Al in a time interval At, the average emf induced in the coil is given as

CANG) _ ALD _ LA
At At At

d(No) __d(LD) _ _LdI
d dt  dt
S.1Unit of inductance is wb/amp or Henry(H)
L - self inductance is +ve quantity .
L depends on: (1) Geometry of loop
(2)-Medium in which it is kept. L does'not depend upon current.
L is a scalar quantity.
6.1 Self inductance of solenoid .
Let the volume of the solenoid be V , the number of turns per unitlengthben. ' ————————

page 11

8:

The instantaneous emf is givenas € =—

{>>
Let a‘current | be flowing in the‘solenoid.Magnetic field in the solenoid is r
given as B=p nl.The magnetic flux through one turn of solenoid ¢= p nFA. A £
The total magnetic flux through the solenoid = N'¢ = Nu,nlA = un?Al
] L=p,n?l A=p n?V
¢ =, nimr(nl)
o

L= 0 = H, N? Ttree.

Inductance per unit volume =y n>

Self inductance:is the physical property of the loop due to which it opposes the change in current that means
it tries to keep the current constant.Current can not change suddenly in the inductor.

Classes, Maths : Suhag R. Kariya (S. R. K. Sir), Bhopal Phone : 0 903 903 7779, 0 98930 58881.

INDUCTOR :
Itis represent by _m\_
electrical equivalence of loop
R
L
=
L
+TI0 —r

If current i through the inductor is increasing the induced emf will oppose the increase in current and hence o
will be opposite to the current.If current i through the inductor is increasing the induced emf will oppose the &
decrease in current and hence will be in the direction of the current. =

i i(decreasing) L

(increasin%) L W_)_
—{— —A—

Induced emf induced emf
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Over all result

A Y Y Y8

£ + b
di
3 o]
< di
Vp-L—=YV,
% ATEg T VB
() Note
n>3“~ If there is a resistance in the inductor (resistance of the coil of inductor) then :
0 A8 = A~TI—\WWW—8
_E L, R L R
(Y]
2_ Ex. 23 ABisapart of circuit. Find the potential difference v, —v, i
i : 2Q
R G (RS
0% 1H 5volt
e ()] currenti = 2A and is constant
o (i) currenti = 2A and is increasing at the rate of 1 amp/sec.
o (ii) current i = 2A and is decreasing at the rate 1 amp/sec.
)] .
D +| - 2i
2 s, VY :
m SOI. A + _ | +W_ B
Q_CYDS 1H 5volt
o Lﬂ
5 dt
= :
- _ 1 ﬂ
% - &
writing KVLfrom Ato B
a di ,
_% Vy=1gqr —5-2i=V,.
8 i Puti=2 d 0
; (I) utl = ’ dt -
e V,-5-4=V,
o - V,=V,=9volt
[ -
© .. L, b
% (i) Put|_2,dt_1,
S V,—1-5-4=V, or V,— V=10V,
] i
o (iii) Puti=2, —- =-1
- dt
© V,+1-5-2x2=V,
% V,=8volt.
'8 71 Energy stored in an inductor:
o If current in an inductor at an instant is i and is increasing at the rate di/dt,the induced emf will
c oppose the current . Its behaviour is shown in the figure.
% working as a load
m : i
w o = ——
o hincreasing i |_|
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Note :

Ex. 24

Sol.

Ex. 25

Sol.

Ex. 26

Sol.

FREE Download Study Package from website: www.TekoClasses.com & www.MathsBySuhag.com

di
Power consumed by the inductor =i L It

di
Energy consumed indttime =iL d—i dt

1

oy 1
.. total energy consumed as the current increases from 0to | = J.lLdl =3 LI2 a0
0 3
1 1 a
= — Lj2 - — 2
=5 Li = 5 LI
This energy is stored in the magnetic field with energy density
du_g*_ 8’
dv. 2u 2pgp,
82
Total energy U = dv
o IZHOM

A circuit contains anideal cell and an inductor with a switch. Initially the switch is open .It
is closed at t=0.Find the current as a function of time.

t=0

-

di
8=La
i i
jsdt=dei
) : ’ . et R Nigi ©
et= Li = |=r A o :

In the'following circuit, the switchris closed att=0. Find the currents i, ,i si;and '«

11720

di
Ts’ att=0 and at t = . Initially all currents are zero.

1l
Lo
-
i
O—AWWW—20000 ~
5s] [

(S. R. K. Sir), Bhopal Phone : 0 903 903 7779, 0 98930 58881.

F E

Att=0
i, Is’zero ,since current cannot suddenly change due to.the inductor.

i,=i,(from KCL)

, , .. €

applying KVL in the part ABEF we get i.= |2=§.
At t=c0 A ¥ ’\/\/\F/{V\/‘ b8 ©
i, will become constant and hence potential difference across the inductor will =0 I
be zero.lt is just like a simple wire and the circuit can be solved assuming it to R
be like shown in the following diagram.

A 2¢ F E D

'=%=3r "= 3R s, = S oR |

[

Teko Classes, Maths : Suhag R. Kariya

In the circuit shown in the figure,S, remains closed for a long time and S, remains
open. Now S, is closed and S, is opened. Find out the di/dt just after that mo-

ment. z
e |

Before S, is closed and S, is opened current in the left part of the circuit = R

,_
N
o

, e
Now when S, closed S, opened, current through the inductor can not change suddenly , current R will

continue to move in the inductor.
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Applying KVL in loop 1.

di €
Ldt+R( ) +4e =0

di 6¢

dt L R L
7.2 Growth Of Current in Series R-L Circuit : e
Figure shows a circuit consisting of a cell, an inductor L and a resistor R
,connected in series. Let the switch S be closed at t=0.Suppose at an instant i
current in the circuit be i which is increasing at the rate di/dt.

. L di B S

Writing KVL along the circuit , we have € —L i R=0 €

—Rt
Onsolvingweget, i= £ (1—¢ L)
R
The quantity L/R is called time constant of the circuit and is denoted by t.The variation
of current with time is as shown.

Note :
€
1. Final current in the circuit = R’ which is independent of L.
2. After one time constant , current in the circuit =63% of the final current (verify yourself)
3. More time-constantiin the circuit implies slower rate of change of current.
4. If there is any change in the circuit containing inductor then there is no instantaneous effect-on the

flux of inductor.
Loir=L,i,

Ex.27 Att=0sswitch is closed (shown in figure)-after a long time suddenly the induc-

L
tance of the inductor is made n times lesser (H) then its initial value, find out

instant current just after the operation.
Sol. Using above result (note 4)
: . . Mg
L i =L,i, = iy= B

2

Q.11  Which of the two curves shown has.less time constant. i

Ans. curvel

DECAY OF CURRENT IN THE CIRCUIT CONTAINING RESISTOR AND INDUCTOR:

Let the initial current in the circuit be | .At any time t,let the current be i and let its rate of change at this

instant b ﬂ

instan edt'
di ;
LAt o L (di/cl)
ot +iR=0 i
g __iR
dat =~ L

i t

di R

i ='If'dt
Iy 0

. —Rt
X Rt . O
In(lo] = _T or |=Ioe

Current after one time constant :i=IOe’1 =0.37% of initial current.
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Ex. 28 In the following circuit the switch is closed at t = 0.Intially there is no fwﬁw 2w
t=0
T

current in inductor. Find out current the inductor coil as a function of time.

A
VWWV
X0

Sol. Atanytimet

g -e+iR-(i—-i;))R=0
&) -e+2iR-iR=0
% _ iR+¢
< "= ToR R - R
> —WWWW—A; AMAMA
(9p) Now, iR T 0| TR -
o i (HIRZR i
D —8+|1R+|R+L.d—=0 A1 + dt
2 t — i, +
-
© iR+¢ di J.I> J.I>
2. € + > +iR+i. 4 = 0 1
% e 3IR di (—e+3|RJ
5t =—|__dt = 5 dt=-L.di
o
S gt d j dt I di
(:) - = = - =
o 2L -&+3R 52 -e+3iR
0N
2 1 [—s+3iRj [_g+3|R] 3Rt
@ oL T 3R-re - T e 2L
@) . ot
S 249
= R i L
Ex.29 Figure shows a circuit consisting of a ideal cell, an inductor L'and a resistor R C
,connected in series. Let the switch-Sbe closed at t = 0. Suppose at t=0
. currentin the inductor is i, then find out equation of current as a function of time
s E
"'5 Sol. Letaninstantt current in the circuit isiiwhich is increasing at the rate di/dt. 8 s e
O
) R L
=
E C
o i
[ -
o
: ]
% B S . A
Q)
= di
> Writing KVL along the circuit , we have €-L — —iR=0
o] dt
= | t
ép) d_ I di__dt
° = Lg=e R = JemiR )L
< i 0
9o
c e—iR Rt . _
C;) = In e—iR)="L = e—iR=(e—iR) g Rt/L
()
Ll N . e—(e—i R)e Mt
L R
o
L
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Equivalent self inductance :

i
A= | [ ——=B
di
Ldt
_Va—-Vs
~ di/dt ~(1)
Series combination

page 16

di di
V,—L, g L, p =V, .(2)

from (1) and (2)
L =L, +L, ( neglecting mutual inductance)

Parallel Combination :

L, L,
. - e
, diy di,

From figure V, - V=L, e LZE ..... (3)
alsoi=i, +1i,

di | di, di Va-Vg Va—-Va Va-V
or — 1+ or “ATR E;+ A—

dt dt dt L L, L,

1 1 1

s ( neglecting mutual inductance)

L Ly L,

©

MUTUAL INDUCTANCE

s : Suhag R. Kariya (S. R. K. Sir), Bhopal Phone : 0 903 903 7779, 0 98930 58881.

Consider two arbitrary conducting loops 1 and 2. Suppose that I, is the instantaneous current flowing around E
loop 1. This current generates a magnetic field B, which links the second circuit, giving rise to a magnetic flux S s
¢, through that circuit. If the current I, doubles, then the magnetic field B, doubles in strength at all pointsin 5
space, so the magnetic flux ¢, through the second circuit also doubles. Furthermore, it is obvious that the 3
flux through the second circuit is zero whenever the current flowing around the first circuit is zero. It follows &3
that the flux ¢, through the second circuit is directly proportional to the current |, flowing around the first ($)
circuit. Hence, we can write ¢,=M,,, |, where the constant of proportionality M,, is called the mutual mduc-
tance of circuit 2 with respect to circuit 1. Similarly, the flux ¢, through the flrst circuit due to the mstanta-
neous current 12 flowing around the second circuit is directly proportional to that current, so we can write
¢,=M,,l, where M_,is the mutual inductance of circuit 1 with respect to circuit 2. It can be shown that M,,= M.,
(Reciprocity Theorem). Note that M is a purely geometric quantity, depending only on the size, number of
turns, relative position, and relative orientation of the two circuits. The S.I. unit of mutual inductance is called
Henries (H). One henry is equivalent to a volt-second per ampere:
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Suppose that the current flowing around circuit 1 changes by an amount Al, in a small time interval At. The
flux linking circuit 2 changes by an amount A¢,=MAL.in the same time interval. According to Faraday’s law,

A
anemf €, = A% is generated around the second circuit due to the changing magnetic flux linking that

At

. . . . . AI1

circuit. Since, A9, =MAI,, this emf can also be written €, =— At
Thus, the emf generated around the second circuit due to the current flowing around the first circuit is directly
proportional to the rate at which that current changes. Likewise, if the current |, flowing around the second o
circuit changes by an amount Al in a time interval At then the emf generated around the first circuit is g

Al

€= _MTtZ Note that there is no direct physical connection(coupling) between the two circuits: the cou-
pling is due entirely to the magnetic field generated by the currents flowing around the circuits. %
Note: (1)M< L, where M is mutual inductance g
™
L, = self inductance of first coil 3
L, = self inductance of second coil o
(2) For two coils in series if mutual inducatnce is considered then ©
L,=L +L,£2M '0\3

Ex.30 Two insulated wires are wound on the same hollow cylinder, so as to form two solenoids sharing a common [
air-filled core. Let | be the length of the core, A the cross-sectional area of the core, N, the number of times
the first wire is wound around the core, and N, the number of times the second wire is wound around the core.
Find the mutual inductance-of the two solenoids,neglecting the end effects.

HoN;NHAL

7 i
generated inthe core.The magnetic field in the region outside the core is of negligible magnitude. The flux

linking a-single turn of the second wire is B.A. Thus, the flux linking all N, turns of the second wireis f,= N

N,N,AI N, N,A
BAL MoNiNLAL o M = HoNiNaA
1 1 ! l

As described previously, M is a geometric quantity depending on the dimensions.of the core and the manner

in which the two wires are wound around the core, but not on the actual currents flowing through the wires.

Sol. If a current |, flows around the first wire then a uniform axial magnetic field of strength B =

2

Ex. 31 Findthe mutual inductance of two concentric.coils of radii a, and a, (a, << a,)if the planes of coils are same.

%

Sol. Leta current i flow in coil of radius a,.

Magnetic field at the centre of coil = 5 ma?
az

(%2}
Teko Classes, Maths : Suhag R. Kariya (S. R. K. Sir), Bhopal Phone : 0 903 90

. 2
na
or Mi = ol na,’ or M= HoTt8;
2a, 2a;
Ex. 32 Solve the above question, if the planes of coil are perpendicular.
Sol.  Letacurrentiflowin the coil of radius a,. The magnetic field at the centre of this coil will now be parallel to

the plane of smaller coil and hence no flux will pass through it, hence M = 0.

Ex. 33 Solve the above problem if the planes of coils make 6 angle with each other.
Sol. If i current flows in the larger coil, magnetic field produced at the centre will be perpendicular to the plane of
larger coil.
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Sol.

Now the area vector of smaller coil which is perpendicular to the plane of smaller coil will make an angle 6
with the magnetic field.

. i 2
Thus flux = B.A =u—°|.na12.cose or M:M
2a, 2a, .
Ex. 34 Findthe mutual inductance between two rectangular loops, shown in the figure
b o0
PER-IN o
------ ¢
<—b— Q
A <>

c
i I b ~
3 l @
< C b
a Te}
______ o
S
Let current i flow in the loop having «-by long sides. Consider a segment of width dx at a distnace x as shown &
flux through the regent o
do=| Kol ___Hol gy ~
2nx  2mn(x+a) ~
™
o i [ ib|, c+b a+b+c 2
= 0= [ |aZ=5t— pdx =2 In 22 _ a o
! 2nx  2n(x+a) 2w C a+c «——>
o
Q.12 Findthe mutual inductance of a straight long wire and a rectangular-loop, as shownin o
the figure N be

Hob a
= —Inj1+—=
Ans. on ( X] FX>

Ex. 35 Figure shows two concentric coplanar coils with radii a-and b (a << b). A currentii = 2t

74
=]

flows in the smaller loop. Neglecting selfinductance of larger loop

(@) Find the mutual inductance of the two.coils ’
b Findthe emf induced in the larger coil
(c) If the resistance of the larger loop is R find the current in it as a function of time

5

To find mutual inductance, it does not matter in which coil we consider current and in which flux is
calculated (Reciprocity theorem) Let current i be flowing in the larger coil. Magnetic field at the

ol
centre = ob -

i
flux through the smaller coil = le_obnaz
o M= o2

2b

(ii) |emf induced in larger coil | = MK%) in smaller coil}

Teko Classes, Maths : Suhag R. Kariya (S. R. K. Sir), Bhopal Pho

2
_Mo __2 HoTta
= —Ta = —

2b @ b

(ii) current in the larger coil

_ Woma®
- DR
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Q.13 Inthe above Q. if a capacitor of capacitance C is also connected in the larger loop as
shown in the figure, find the charge on the capacitor as a function of time. ©

2
q:Ce(1—e*”RC)wheree :% @

7

Ex.36 If the currentin the inner loop changes according to i = 2t then, find the current in the & -

capacitor as a function of time. @ ;

o)
Sol. M=Mogg? g
2b
lemf inducedin larger coil | = M[(%j insmaller ooil} R qqu
> ,
|
o= Mo a2 4y _ 2ema’t =R
2b b [
Applying KVL :- 'e
2u ma’t :
+e—g—iR=0 = M—S—IR:0
c b C
differentiate wrt time :-
2p0na _iodi d| Lo
b c dt
2u,ma’C -

on solving it = %[1 -e ”RC]

9. TRANSFORMER

Atransformer changes an alternating potential difference from one value to another of greater or smaller value
using the principle of mutual induction...Two coils called the primary and secondary windings,which are not
connected to one another in any way , are wound on a complete soft iron core.When an alternating voltage
E, isapplied to the primary , the resulting current produces a large alternating magnetic flux which links the
secondary and induces an emf E in it.It can be shown that for an ideal transformer

Es - Ny - I_p ) Magnetic Core
Eo N, I~ i i
Ng Elpthibbiabithinhin Lk
N =turns ratio of the transformer. d: D —D
p — D - [E
E; N and I are the emf, number of turns and current in the coils. EF’( 1 ¢ P s
Ng>N, = Es>E.— step up transformer. L "‘
Ng<N, = Es<E.— step up transformer. . T
. . . Primary Secondary
Note : Phase difference between the primary and secondary voltage is . coil coil

Energy Losses In Transformer

Although transformers are very efficient devices, small energy losses do occur in them due to four main causes.

1. Resistance of the windings. The copper wire used for the windings has resistance and so I°R heat losses occur.

2. Eddy Current.Eddy current is induced in a conductor when it is placed in a changing magnetic field or when a =
conductor is moved in a magnetic field and/or both. Any imagined circuit within the conductor will change its
magnetic flux linkage and the subsequent induced emf. will drive current around the circuit. Thus the alternat- «
ing magnetic flux induces eddy currents in the iron core and causes heating.The effect is reduced by lami- ©
nating the core, i.e, the core is made of this sheets of iron with insulating sheets between them so that the O
circuits for the eddy currents are broken. x

3. Hysteresis. The magnetization of the core is repeatedly reversed by the alternating magnetic field. The resulting I—
expenditure of energy in the core appears as heat and is kept to a minimum by using a magnetic material
which has a low hysteresis loss.

4. Flux Leakage. The flux due to the primary may not all link the secondary if the core is badly designed or has air
gapsinit .Very large transformers have to be oil cooled to prevent overheating.
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